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Summary  Examination  of  the  chemical  step  catalysed  by  dihydrofolate  reductase  (DHFR)
suggested  preservation  of  an  ‘‘ideal’’  transition  state  as  the  enzyme  evolves  from  bacteria  to
human. This  observation  is  enigmatic:  since  evolutionary  pressure  is  most  effective  on  enzymes’reductase;
Isotope  effects;
Tunnelling  ready
state
second order  rate  constant  (kcat/KM)  and  since  the  chemistry  is  not  rate  limiting  on  that  kinetic
parameter, why  is  the  nature  of  the  chemical  step  preserved?  Studies  addressing  this  question
were presented  in  the  2015  Beilstein  ESCEC  Symposium  and  are  summarized  below.
© 2016  Beilstein-lnstitut.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the
tivecCC BY  license.  (http://creaAbbreviations: DHFR, dihydrofolate reductase; ecDHFR,
scherichia coli DHFR; NADPH, reduced nicotinamide adenine
inucleotide phosphate; NADP+, oxidized nicotinamide adenine
inucleotide phosphate; DHF, 7,8-dihydrofolate; THF, 5,6,7,8-
etrahydrofolate; Tris, tris(hydroxymethyl)aminomethane; MES,
-(morpholino) ethanesulfonic acid; MTEN buffer, 50 mM MES, 25 mM
ris, 25 mM ethanolamine, and 100 mM sodium chloride; KIE, kinetic
sotope effect; KIEint, intrinsic KIE; KIEobs, observed KIE; fs, fem-
osecond; ps, picosecond; QM, quantum mechanics; MM, molecular
echanics; MD, molecular dynamics; TS, transition state; GS,
round state.
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t  has  been  observed  that  most  enzymes  that  catalyse  var-
ous  H-transfer  reactions  present  temperature-independent
ntrinsic  isotope  effects  (KIEs).  This  observation  seems
o  hold  for  well-evolved  enzymes  catalyzing  reactions
f  their  natural  substrates  under  physiological  condi-
ions.  Unnatural  mutants,  substrates,  or  non-physiological
onditions  often  lead  to  temperature  dependent  KIEs.
 physical  interpretation  suggests  that  temperature-
ndependent  intrinsic  KIEs  result  from  well-reorganized  and
arrowly  distributed  ensembles  of  transition  states  (TSs).
emperature-dependent  KIEs,  on  the  other  hand,  indicate  a
oorly  reorganized  TS  with  a  broad  distribution  of  states  and
s  commonly  associated  with  slower  reaction  rates.
The  enzyme  dihydrofolate  reductase  (DHFR)  catalyzes
 C  H→C  hydride  transfer  and  is  found  to  have  a  well-
eorganized  TS  across  evolution  from  bacteria  to  human.
 humanized  bacterial  enzyme  only  yields  temperature-
ndependent  KIEs  when  the  mutations  are  introduced  in
 an open access article under the CC BY license.
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Figure  1  A  schematic  energy  diagram  of  an  enzyme  (E)-
catalysed  reaction  of  reactants  A  and  B  to  products  Q  and  P.  The
chemical  step  is  highlighted  in  red.  The  steps  that  are  included
in various  rate  constants  (V/K  or  kcat/KM in  green,  kcat in  blue,
and single  turnover  in  magenta)  are  marked  along  the  reaction
coordinate  (R.C.).  A  zoom  into  the  chemical  step  is  presented  at
the top  with  the  zero  point  energy  (ZPE)  for  light  (H)  or  heavy  (D)
isotopes  of  hydrogen  marked  as  well  as  the  energies  of  activa-
tion (Ea)  for  the  reaction  with  and  without  ‘‘under  the  barrier’’
QM tunneling.  The  take  home  message  from  this  ﬁgure  is  that  in
the forward  direction,  barriers  other  than  the  chemical  one  are
higher  for  all  the  measurable  rate  constants;  thus,  in  this  exam-
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the  same  order  as  they  appeared  during  evolution.  How-
ever,  mutations  introduced  in  a  different  order  lead  to
temperature-dependent  KIEs.  This  observation  is  enigmatic
because  the  chemical  step  is  far  from  being  rate  limiting  for
most  enzymes,  including  DHFR.  If  it  is  not  rate  limiting,  why
is  there  such  a  strong  evolutionary  pressure  to  maintain  a
well-reorganized  TS?
In  an  attempt  to  resolve  this  enigma,  current  stud-
ies  using  accelerated  evolution  of  primitive  DHFR  towards
a  mature  enzyme  are  attempting  to  address  the  follow-
ing  questions:  At  what  point  during  evolution  does  it  stop
being  rate  limiting  (as  it  is  in  solution  or  the  primitive
enzyme)?  When  does  the  temperature  dependence  of  the
KIEs  decrease,  and  when  does  it  become  temperature-
independent?  What  are  the  relationships  between  the
catalytic  rate  constants  and  the  intrinsic  KIEs?
The  comprehension  of  evolution  at  the  molecular  level  is
quite  challenging.  In  addition  to  common  evolutionary  issues
like  adaptation  to  new  environmental  conditions  or  means  of
selection  at  the  phenotype  level,  the  evolution  of  enzymes
must  address  the  question  of  which  step  in  the  catalytic
cascade  is  rate  limiting  on  rate  constants  that  are  relevant
to  evolution.  The  relation  between  measured  rate  constants
and  the  rate  of  the  chemical  step  is  not  trivial.  Because
several  steps  along  the  catalytic  turnover  are  slower  than
the  rate  of  the  chemical  step  (bond  activation,  cleavage,
or  formation)  in  most  enzymes,  studies  of  measurable  rate
constants  do  not  reﬂect  effects  on  that  step  (Fig.  1).
One  method  that  partly  exposes  effects  on  the  chemical
step  is  measuring  substrate  kinetic  isotope  effects  (KIEs),
where  the  bond  to  be  cleaved  is  substituted  with  a  heavier
isotope.  This  needs  to  be  done  in  a  way  that  will  not  affect
substrate  binding  or  product  release  but  will  have  a  sub-
stantial  effect  on  the  chemical  step.  Below,  I  will  discuss
KIE  measurements  of  C  H  bond  cleavage  or,  more  speciﬁ-
cally,  enzyme-catalysed  C  H→C  hydride  transfer  reactions.
For  enzymes,  KIEs  can  be  measured  on  many  different  rate
constants,  e.g.,  the  ﬁrst  order  rate  constant  for  steady  state
conditions,  kcat,  the  second  order  rate  constant  kcat/KM,  or
pre-steady  state  rates  (via  single  turnover  or  burst  experi-
ments).  However,  measurements  of  a  KIE  on  any  measurable
rate  constant  only  yield  an  observed  KIE  (KIEobs)  rather  than
the  intrinsic  KIE  (KIEint,  i.e.,  KIE  on  the  chemical  step  per
se).  The  general  form  of  the  relation  between  KIEobs and
KIEint is  presented  in  Eq.  (1):
KIEobs = KIEint +  C1  +  C (1)
where  C  is  the  commitment  to  catalysis,  and  is  the  ratio
between  the  isotopically  sensitive  rate  forward  or  back-
ward  and  the  non-isotopically  sensitive  steps  in  the  opposite
direction  (e.g.,  C  =  kchemistry/kdissociation of substrate for  a  simple
E  +  SES  →  E  +  P  process).  Assessment  of  the  KIEint is  crit-
ical  for  any  attempt  to  use  KIEs  to  elucidate  properties  of
the  chemical  step  or  to  compare  measured  KIEs  to  their  com-
puted  values  (most  computations  only  examine  the  chemical
step  per  se).  Several  methods  for  assessing  KIEint were  dis-
cussed  during  the  Beilstein  ESCEC  Symposium,  and  the  one
presented  in  the  example  below  is  based  on  the  measure-
ments  of  both  KIEobs for  H/T  KIEs  (ratio  of  rate  between
protium  and  tritium)  and  D/T  KIEs  (ratio  of  rates  between
deuterium  and  tritium).  Since  T  is  the  common  isotope  in
c
C
p
tle the  chemistry  is  not  rate  limiting  for  any  of  these  measurable
arameters.
oth  measurements,  the  commitment  (C)  for  that  isotope
an  be  removed  using  the  Northrop  method  and  KIEint can  be
ssessed  (Kohen,  2005;  Liu  et  al.,  2014;  Sen  et  al.,  2011).
Once  KIEint is  determined,  its  temperature  dependence
an  serve  as  a  probe  for  the  nature  of  the  chemical  step
r,  more  speciﬁcally,  how  well-reorganized  the  reaction’s  TS
s  (Kohen,  2015).  In  short,  the  less  temperature-dependent
s  the  KIEint,  the  better  organized  is  the  TS  (also  known
s  tunneling  ready  state,  TRS,  for  reactions  that  involve
M  tunneling)  (Kohen,  2015).  Fig.  2  graphically  illustrates
 model  (addressed  here  as  the  Activated  Tunneling  Model)
hat  encapsulates  the  effects  of  temperature  on  rates  vs.  its
ffect  on  KIEs.
The  model  proposed  above  can  explain  the  temperature
ependence  of  KIEint whether  the  rates  are  temperature-
ependent  or  not.  The  temperature  dependence  of  the
ates  is  mostly  reﬂecting  the  pre-  and  re-organization  of  the
hole  system  towards  the  tunneling-ready-state  (TRS),  i.e.,
′olumns  A  or  A in  Fig.  2.  This  process  has  little  impact  on  the
 H  bond  to  be  cleaved  and  thus,  involves  no  KIE.  Since  this
rocess  involves  the  motion  of  many  atoms  (the  whole  pro-
ein,  solvent,  reactants,  etc.),  little  or  no  change  in  these
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Figure  2  Graphic  illustration  of  the  activated  tunneling  model  (also  known  as  the  Marcus-like  model,  environmentally  coupled
tunneling, vibrationally  enhanced  tunneling,  and  more  (Cheatum  and  Kohen,  2013;  Hay  et  al.,  2007;  Nagel  and  Klinman,  2010).
Four slices  of  the  potential  energy  surface  along  components  of  the  collective  reaction  coordinate  show  the  effect  of  heavy-atom
motions on  the  zero  point  energy  (ZPE)  in  reactant  (blue)  and  product  (red)  potential  wells.  The  green  structures  indicate  the
probability of  ﬁnding  the  particle  along  the  different  coordinates  presented.  Panels  A  and  A′ present  the  heavy  atom  coordinate.
Panel A  presents  an  adiabatic  system  with  the  electronic-GS  potential  at  the  bottom  and  the  ﬁrst  electronic-excited-state  on  the
top. Panel  A′ illustrates  a  non-adiabatic  system  (Marcus  parabola).  Panel  B  shows  the  H-atom  position.  In  the  top  panels  A,  A′,  and
B the  hydrogen  is  localized  in  the  reactant  well,  and  the  ZPE  of  the  product  state  is  higher  than  that  of  the  reactant  state.  Heavy
atom activation  or  reorganization  brings  the  system  to  the  tunneling  ready  state  (TRS,  middle  panels  A,  A′,  and  B),  where  the  ZPE
in the  reactant  and  product  wells  are  degenerate  and  the  hydrogen  can  tunnel  between  the  wells.  Further  heavy  atom  relaxation
or reorganization  breaks  the  transient  degeneracy,  trapping  the  hydrogen  in  the  product  state  (bottom  panels).  Panel  C  shows  the
effect of  DAD  sampling  on  the  wave  function  overlap  at  the  TRS  (middle  panel).  The  transmission-probability  (P)  is  presented  as  a
function of  DAD  (bottom  panel  C).  The  top  panel  C  presents  the  contribution  to  H-transfer  rate  at  each  DAD  as  a  function  of  the  P
and the  population  at  that  DAD.  Please  note  that  for  DADs  shorter  than  the  vertical  line  in  panel  C,  the  ZPE  is  above  the  barrier;
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thus, the  reaction  is  practically  over-the-barrier.
odiﬁed  from  Kohen  (2015).
PEs  is  expected  on  the  C  H  to  be  cleaved  while  the  system
s  moving  from  the  reactant  in  solution  towards  the  TRS.
onsequently,  most  of  the  KIEint is  reﬂective  of  the  actual
 H  bond  cleavage  at  the  TRS,  denoted  here  as  the  chemical
tep.  Temperature  independent  KIEint reﬂects  a  very  well-
eorganized  TRS,  where  the  donor-acceptor-distance  (DAD)
or  the  C  H→C  hydride  transfer  is  short  and  well-deﬁned
narrow  DAD  distribution,  see  middle  panel  in  Fig.  2  column
).  This  is  a  result  of  the  fast  and  temperature-independent
-transfer  at  the  TRS,  and  the  high  frequency  of  DAD
ampling  at  this  narrow  energy  well  (vibrationally  excited
tates  are  hard  to  populate  within  the  narrow  tempera-
ure  range  of  the  biological  experiments  discussed  below).
 temperature-dependent  KIEint,  on  the  other  hand,  rep-
esents  a  poorly  reorganized  TRS,  with  broad  distribution
f  DADs.  That  broad  distribution  would  have  low  sampling
requency  and  energetically  close  vibrational  states.  At  ele-
ated  temperatures,  shorter  DADs  will  be  sampled,  leading
o  reduced  KIEint (longer  DAD  leads  to  larger  KIEs).
The  bottom  line  is  that  temperature  dependence  of  KIEint
an  serve  to  probe  the  nature  of  the  chemical  step.  The
maller  the  temperature  dependence  of  the  KIEint,  the  more
ccurate  is  the  TS  (and  TRS)  for  that  reaction.  The  tem-
erature  dependence  of  KIEs  is  commonly  measured  as
n
r
t
ihe  difference  in  energies  of  activation  of  the  two  iso-
opes  (Ea =  Ea heavy −  Ea light, and  in  the  case  of  H/T  KIEint as
Ea T—H)  (Singh  et  al.,  2015a,b).  Interestingly,  most  enzy-
atic  reactions  studied  so  far  exhibit  Ea T—H or  Ea D—H
lose  to  zero,  indicating  an  accurate  TS  for  their  chemi-
al  steps.  As  noted  above,  this  is  not  trivial,  given  that  for
ost  enzymatic  reactions  the  chemical  step  is  not  the  rate
imiting  step  for  either  steady  state  or  pre-steady  state  rate
onstants.  Studies  of  a  model  system  that  demonstrate  the
elations  between  the  DAD’s  distribution  and  the  tempera-
ure  dependence  of  KIEint and  the  preservation  of  Ea T—H ≈  0
long  evolution  are  presented  below.
odel system: dihydrofolate reductase
he  enzyme  dihydrofolate  reductase  (DHFR)  catalyzes  the
ADPH-dependent  conversion  of  7,8-dihydrofolate  (DHF)
o  5,6,7,8-tetrahydrofolate  (THF)  with  the  stereospeciﬁc
ransfer  of  a  hydride  from  the  pro-R C4  position  of  the
icotinamide  ring  to  the  si  face  of  C6  of  the  dihydropterin
ing  (Scheme  1).  It  has  been  recently  demonstrated  that
he  nitrogen  of  the  N  C  double  bond  that  is  reduced  dur-
ng  this  reaction  is  protonated  by  the  enzyme  before  the
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Figure  3  The  active-site  of  DHFR  from  E.  coli  (PDB  ID  1RX2)  emphasizing  the  role  of  I14  (metallic  blue)  as  a  support  of  the
nicotinamide ring  of  NADP+.  The  nicotinamide  ring  is  highlighted  in  light  blue  and  the  folate  in  magenta.  Several  other  residues  that
form hydrogen  bonds  with  the  amide  of  NADPH  are  highlighted  as  well  as  I14  and  A7.  Three  distinct  hydrogen  bonds,  labelled  in
red, are:  (a)  NADPH(O-amide)-A7(H);  (b)  NADPH(H72)-A7(O);  and  (c)  NADPH(H71)-I14(O).  The  pterin  ring  is  also  immobilized  in  the
active site  via  tight  van  der  Waals  interactions  with  F31,  and  strong  hydrogen  bonds  to  D27  and  I5.
From  Stojkovic  et  al.  (2012)  with  permission  from  the  American  Chemical  Society.
Scheme  1  The  reaction  catalysed  by  DHFR.  R  =  adenine  dinu-
cleotide  2′ phosphate  and  R′ =  (p-aminobenzoyl)  glutamate.  It
has been  shown  that  the  protonation  of  the  N5  position  of  DHF
Figure  4  Arrhenius  plot  of  intrinsic  H/T  KIEs  (on  a  log  scale)
for wild-type  (red)  (Sikorski  et  al.,  2004),  I14V  DHFR  mutant
(green),  I14A  DHFR  (blue)  (Stojkovic  et  al.,  2010) and  I14G
DHFR (purple)  (Stojkovic  et  al.,  2012).  The  lines  represent  the
nonlinear  regression  to  an  exponential  equation.
F
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t
t
aoccurs  prior  to  hydride  transfer  in  the  entire  pH  range  from
5—11.5 (Liu  et  al.,  2014).
C  H→C  hydride  transfer  from  NADPH  to  the  carbon  (C6)  of
the  substrate  DHF  (Liu  et  al.,  2014).
To  examine  the  relations  between  DAD’s  distribution  and
the  temperature  dependence  of  KIEint,  an  active  site  amino
acid,  isoleucine  (I14)  of  ecDHFR,  a  residue  that  pushes  the
H-donor  (the  reduced  nicotinamide  ring)  towards  the  H-
acceptor  (C6  of  DHF),  has  been  systematically  reduced  to
valine  (I14V),  alanine  (I14A)  and  glycine  (I14G)  ((Stojkovic
et  al.,  2012).  Fig.  3  presents  the  active  site  of  ecDHFR
with  the  reactants  and  I14  highlighted  as  sticks.  Molecular
dynamic  calculations  predicted  that  smaller  side  chains  at
position  14  will  result  in  longer  average  DADs  (DADavg)  with
broader  DAD’s  distribution  (Stojkovic  et  al.,  2012).
Measurements  of  the  KIEint for  I14V,A,G  mutants  of  ecD-
HFR  conﬁrmed  that  prediction  (Fig.  4).  The  smaller  the  side
chain  at  position  14,  the  steeper  the  temperature  depend-
ence  of  the  KIEint (Ea T—H is  presented  in  Fig.  4)  (Stojkovic
et  al.,  2012).  These  ﬁndings  demonstrate  that,  at  least  for
DHFR,  the  temperature  dependence  of  KIEint indeed  reﬂects
a  tight  TRS  and  an  accurate  TS  for  the  catalysed  enzymatic
reaction.
a
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2rom  Stojkovic  et  al.  (2010)  and  used  with  permission  from  the
merican  Chemical  Society.
Once  these  relations  were  established,  the  use  of  the
emperature  dependence  of  KIEint in  evolution  was  applied
o  the  evolution  of  DHFR  from  bacteria  to  human.  First,
 report  in  2011  suggested  that  a  double  proline  insertion
t  the  base  of  a  ﬂexible  loop  in  ecDHFR  (the  M20  loop)
eads  to  slower  dynamics  at  the  millisecond  timescale  and
lters  the  single  turnover  rate  of  the  enzyme  (Bhabha  et  al.,
011).  This  insertion  makes  the  ecDHFR  more  like  the  human
64  
Figure  5  Structure  of  ecDHFR  (PDB  ID  1RX2).  The  M20  loop  is
shown  in  brown,  folate  is  shown  in  magenta  and  the  nicoinamide
ring of  NADPH  is  in  blue.  Residues  N23  and  G51  are  shown  as
brown and  green  spheres,  respectively.
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Feproduced  from  Francis  et  al.  (2013)  with  permission  of  the
merican  Association  of  Biochemistry  and  Molecular  Biology.
nzyme  (hsDHFR),  which  naturally  has  PP  at  the  base  of  the
oop.  The  orange  sphere  in  Fig.  5  presents  the  residue  in
uestion  (N23  in  ecDHFR).  This  report  led  to  several  exper-
mental  and  theoretical  studies  that  attempted  to  dispute
his  ﬁnding  and  the  conclusions  made  by  Bhabha  et  al.
However,  in  2013  a  bioinformatics  evaluation  of  the
HFR’s  phylogenetic  tree  indicated  that  this  insertion  at  N23
as  never  occurred  in  evolution  without  another  insertion  at
51  (green  sphere  in  Fig.  5)  (Liu  et  al.,  2013).  This  is  illus-
rated  in  Fig.  6,  where  the  magenta  columns  highlight  the
nsertions  discussed  here.
More  kinetic  experiments  and  QM/MM  calculations
emonstrated  that  the  single  insertion  at  N23  (N23PP)  leads
o  poor  organization  of  the  system  at  its  ground  state  (GS),
nd  that  many  residues  of  the  protein  had  to  move  while
he  system  was  going  from  the  GS  to  its  TS  (Fig.  7)  (Liu
t  al.,  2013).  Those  calculations  also  demonstrated  that
w
a
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b
igure  6  A  representative  segment  of  phylogenetically  aligned  DH
not to  scale)  on  the  left  side  illustrates  the  diverging  relationship  b
he time  of  divergence  for  each  evolutionary  split  in  units  of  million
he top  and  bottom  of  the  ﬁgure,  respectively.  Genus  species  abbre
t http://genomewiki.ucsc.edu/index.php/DHFR  dihydrofolate.
rom  Liu  et  al.  (2013),  with  permission  from  the  National  Academy  A.  Kohen
nsertion  of  both  N23PP  and  G51PEKN,  producing  a  more
‘humanized’’  ecDHFR,  corrected  that  problem  and  led  to
ild  type  like  motions  from  GS  to  TS.
To  test  these  predictions,  the  temperature  dependence
f  KIEint has  been  compared  for  the  ecDHFR,  its  N23PP
utant,  and  the  N23PP-G51PEKN  double  mutant  (Francis
t  al.,  2013).  Fig.  8  presents  the  KIEint and  demonstrates
hat,  as  predicted,  the  single  mutant  (N23PP)  alone  broad-
ns  the  narrow  DAD  of  the  wild  type  ecDHFR,  leading  to  a
teep  temperature  dependence  of  KIEint.  However,  the  sec-
nd  insertion  (G51PEKN)  corrects  the  disturbance  to  a  wild
ype-like  TRS  (same  KIEint as  ecDHFR).
ummary and future studies
he  ﬁndings  discussed  above  are  enigmatic.  Since  for  all
HFRs,  from  bacteria  to  human,  the  hydride  transfer  step
s  not  rate  limiting  on  any  evolutionary  relevant  rate
onstants,  why  is  the  KIEint temperature-independent  across
volution?  What  is  the  evolutionary  pressure  to  keep  a  well-
eorganized  TRS  for  a  step  that  is  not  rate  limiting  even  in
acteria?  The  rate  constant  that  is  commonly  believed  to
e  most  relevant  to  evolution  is  the  second  order  steady
tate  rate  constant  kcat/KM because  most  enzymes  function
n  vivo  at  substrate  concentration  close  to  or  below  KM (i.e.,
cat/KM steady-state  conditions).  Accordingly,  future  studies
ill  focus  on  the  relations  between  that  rate  constant  and
he  chemical  step.
Future  studies  that  will  attempt  to  address  this  enigma
ill  include  a  directed/accelerated  evolution  starting  from
 primitive  enzyme  in  which  the  chemistry  is  rate  limiting
i.e.,  KIEint =  KIEobs) and  the  KIE  is  temperature-dependent.
he  directed/accelerated  evolution  of  that  primitive  DHFR
ill  be  used  to  evolve  this  enzyme  towards  a  mature  one,
nd  both  the  temperature  dependence  of  KIEint and  the
elations  between  KIEint and  KIEobs will  be  probed.  It  will
e  interesting  to  see  when  along  the  evolutionary  path  the
FR  sequences  from  ecDHFR  to  hsDHFR.  The  phylogenetic  tree
etween  species.  The  values  at  each  divergence  node  represent
 years  ago.  The  hsDHFR  and  ecDHFR  residue  numberings  are  at
viations  and  the  full  set  of  full-length  sequences  are  provided
of  Science,  USA.
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Figure  7  Computed  thermally  averaged  -carbons  distance  changes  from  the  reactant  state  to  the  transition  state  for  all  pairs
of residues  in  ecDHFR  (left),  the  N23PP  mutant  (middle),  and  the  N23PP/G51PEKN  mutant  (right).  Distances  that  increase  from  the
RS to  the  TS  are  coloured  red  (0  to  0.75 A˚),  and  distances  that  decrease  from  the  RS  to  the  TS  are  coloured  blue  (0  to  −0.75 A˚).
While each  matrix  is  symmetrical,  for  clarity  only  distances  that  increase  are  shown  on  the  left  side  and  distances  that  decrease
are shown  on  the  right.
From  Liu  et  al.  (2013),  with  permission  from  the  National  Academy  o
Figure  8  Arrhenius  plot  of  the  intrinsic  H/T  KIEs  of  on
the hydride  transfer  reaction  catalysed  by  wild  type  (red),
N23PP/G51PEKN  (purple),  N23PP  (blue)  and  ecDHFR  (red).  The
data points  are  the  average  of  at  least  ﬁve  independent  mea-
surements  with  their  standard  deviations  and  the  lines  are
nonlinear  ﬁts  of  all  measured  KIEs  to  the  Arrhenius  equation.
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KReproduced  from  Francis  et  al.  (2013)  with  permission  of  the
American  Association  of  Biochemistry  and  Molecular  Biology.
chemical  step  stops  being  rate  limiting  on  kcat/KM (as  probed
by  KIEobs on  that  rate  constant  being  equal  to  KIEint on  the
chemical  step).  Does  the  KIEint become  less  temperature-
dependent  as  the  chemical  step  becomes  non-rate  limiting
on  kcat/KM?  It  is  also  not  obvious  that  once  the  chemistry
is  no  longer  rate  limiting,  weakly  temperature-dependent
KIEint will  be  maintained  as  the  enzyme  is  further  evolves
towards  having  a  faster  kcat/KM.  Consequently,  these  future
studies  will  assist  in  starting  to  reveal  the  source  of  this
enigma  and  might  offer  a  lead  to  its  resolution.
Lf  Science,  USA.
From  the  practical  prospective,  such  studies  could  impact
ur  understanding  of  evolutionary  processes  like  develop-
ent  of  drug  resistant  pathogens  or  cancer,  rational  design
f  new  biocatalysts,  and  other  medicinal  and  biotechnolo-
ical  applications.
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